is article investigated the microstructure and damping property of TPU composites with different contents of ultraviolet absorbents. It can be found that the ultraviolet absorbents formed fiber-shaped precipitations in the TPU matrix. e UV-328 was randomly distributed in the matrix and exhibited a weak interfacial bonding with the matrix. In comparison, the UV-329 was well embedded in the matrix and formed a relatively better interfacial bonding and compatibility with the TPU matrix. e damping factor tanδ of both 328-composites and 329-composites had been reduced gradually with increasing content of ultraviolet absorbents at the glass transition temperature range due to the fact that the ultraviolet absorbents were in the crystalline state which decreased the volume content of the viscoelastic TPU matrix. But the tanδ increased at the temperature range of higher than the glass transition temperature, which should be related to the dominance of interfacial frictions between the ultraviolet absorbents and the matrix on the energy absorption.
Introduction
Polyurethane has been widely investigated in the past few years due to its comprehensive properties of high hydrolysis resistance, wear resistance, good flexibility, and damping ability [1] [2] [3] [4] .
e high damping property of polymers is mainly observed during glass transition process, in which the mechanical energy caused by vibrational motion of molecular chains is transferred to heat energy. Beyond this range, the polymer often presents a low damping property.
erefore, the application for polymers is often restricted to a narrow temperature range associated with glass transition. Generally, low elastic modulus of the polymers also restricts their engineering applications to some extent. us, properly extending the damping range and enhancing the modulus of polymers are meaningful for the practical applications. Several methods, such as mechanical blending [5] , interpenetrating polymer networks (IPNs) [6, 7] and forming organic hybrid composites composed of polar polymers and functional organic small molecules [8] , have been proposed and investigated to improve the damping ability of the polymers. In comparison, the last method of forming intermolecular hydrogen bonds to improve the damping properties has presented a higher cost-effective prospect.
e DZ (N,N′-dicyclohexyl-benzothiazole-2-sulfonamide), AO-80 (3,9-bis{1,1-dimethyl-2[β(3-tert-butyl-4-hydroxy-5-methylphenyl)propionyloxy]ethyl}-2,4,8,10-tetraoxaspiro [5, 5] -undecane), AO-60 (tetrakis[methylene-3-(3-5-ditert-butyl-4-hydroxy phenyl) propionyloxy] methane), etc. hindered phenol have been selected as the functional organic small molecules to be added in the chlorinated polyethylene matrix [8] [9] [10] , and an apparent improvement of the damping factor of the polymer matrix has been observed. However, little information on the effect of organic hybridizing on the damping property of polyurethane is available. In this article, the ultraviolet absorbent with functional organic small molecules has been added into the thermoplastic polyurethanes (TPUs) to investigate the effect of organic hybridizing on the microstructure and damping property of the TPU. Advances in Materials Science and Engineering 3
Experimental Details
e ultraviolet (UV) absorbents 2-(2′-hydroxy-3′,5′-di-tertamylphenyl) benzotriazole UV-328 (C 22 H 29 N 3 O) and 2-(2′-hydroxy-5′-tert-octylphenyl) benzotriazole UV-329 (C 20 H 25 N 3 O) (powders supplied by Nippon Kasei Chemical Co., Ltd., Japan) were selected as the functional organic small molecules to be added into the WHT-8185 polyether thermoplastic polyurethane (TPU, supplied by Yantai wanhua polyurethanes Co., Ltd., China), respectively, with a mass ratio of 10-60%. e melting point of UV-328 and UV-329 is at 80-83°C and 101-106°C, respectively. Both UV-328 and UV-329 belong to benzotriazole-type chemicals, and the difference between them is the different substituent adjacent to the hydroxyl group. e typical parameters of WHT-8185 obtained from the manufacturer are as follows: glass transition temperature: ∼−45°C, tensile strength: 26 MPa, elongation: 500%, hardness: 85 (shore A), and processing temperature: 180-195°C. Firstly, the TPU particles were dissolved in the solvent mixture with a volume ratio of 1 : 1 of N, N-dimethylformamide (DMF) and tetrahydrofuran (THF) and heated in a vacuum oven at 100°C for 40 min to accelerate dissolution.
en, the UVabsorbents were dissolved into the above mixture and ultrasonically dispersed at 35°C for 0.5 h. Finally, the mixture solution was poured into a mold and then dried in a vacuum oven to fully evaporate the dissolvent of DMF and THF to obtain the UV-absorbent/TPU composite thin films. For simplicity, thereafter, the composites containing UV-328 and UV-329 absorbents were denoted as 328-composites and 329-composites, respectively. e damping curves were recorded by a dynamic mechanical analyzer (DMA + 450) under a tension mode, in which the frequency was 10 Hz, the vibration amplitude was 5 μm, and the heating rate was 3°C min Advances in Materials Science and Engineering measurements were performed in a TA-Q200 apparatus with a heating/cooling rate of 20°C min
. FTIR test was performed in a Perkin-Elmer Spectrum-100 fourier transform infrared spectrometer. IR spectrum was obtained by scanning 32 times at the resolution of 4 cm −1 within the wavenumber range of 450-4000 cm
. IR spectrum of the UV-absorbent powders was obtained using the KBr pallet method, and IR spectrum of UV-absorbent/TPU composite lms was obtained using the attenuated total re ection (ATR) method. Microstructure of the samples was observed using FEI Quanta200 scanning electron microscope (SEM).
Results and Discussion
e TPU composites exhibit a very large plasticity at room temperature and are di cult to be fractured, so the composites are bent to fracture under liquid nitrogen to observe microstructure of the samples. Figure 1 shows fracture surface of the composites with di erent mass ratios of 328 UV-absorbents. All the micrographs have the same magni cation to that of Figure 1(a) . It can be seen that the pure TPU presents a at fracture surface with a single phase, as shown in Figure 1 (a). After adding 328 for 10% (Figure 1(b) ), the composite is found to be composed of two phases, including a at matrix and some short bers that should be 328 absorbents precipitated from the solution mixture after removing the solvents. With increasing 328 from 20% to 30% (Figures 1(c)-1(e) ), it is seen that the ber volume has been greatly increased and the matrix was nearly fully covered and cannot be seen on the surface. However, continue increasing 328 to 40%-60% (Figures 1(f)-1(h) ), it seems that the 328 ber volume is decreased and the TPU matrix can be found, which could be caused by the fact that the distribution of 328 bers is not homogeneous in the composites and these composites mainly fractured on the areas with few 328 bers.
For the 329-composites, as shown in Figure 2 , it is di erent from that of the 328-composites. For the 10% composite ( Figure 2(a) ), there is no 329 phases observed on the surface. For the composites with 20% 329, the petaloid 329 phases can be found, as shown in Figure 2 (b). Continue increasing 329 from 25% to 60% (Figures 2(c)-2(g) ), the fracture surface becomes rougher gradually as compared to the pure TPU, but there is no apparent two-phase separation like 328-composites observed on the surface and the 329 phases seem to be mostly embedded in the TPU matrix. e above microstructure results demonstrate that the UV-329 should have a better compatibility with the TPU matrix than the UV-328.
Figures 3(a) and 3(b) show the DSC results of the 328-composites and 329-composites, respectively. All the samples are subjected to a thermal cycle of heating, cooling, and reheating. As shown in Figure 3(a) , it can be seen that there is no any thermal phenomenon observed for the pure TPU at this thermal cycle. For the pure 328, an endothermic peak centered at around 82.8°C during rst heating process can be found, which should stand for the melting of the UV-328. Upon cooling, there is no thermal event observed, but one much weaker endothermic peak than that of the rst heating at similar temperature is observed during the second heating.
e occurrence of the weak endothermic peak means the melting of some crystalline 328 phases that should recrystallize during the cooling process although the thermal event associated with it is not detected on cooling. For the composites with 328 of >10%, these two endothermic peaks associated with the melting of 328 phases are also observed, and these two peaks become stronger gradually with increasing 328 content. In addition, it is noted that, for the 50% and 60% composites, except for the abovementioned two endothermic peaks, an extra endothermic peak during rst heating and an exothermic peak on the second heating are observed, as indicated by arrows. From Figure 1 , it can be seen that the 328 bers mainly have two forms in the composites, one is "free form" that has almost no interaction with the TPU matrix (Figures 1(d) and 1(e) ), and the other is "embedding form" that has some interfacial bonding with the matrix Advances in Materials Science and Engineering (Figures 1(c) and 1(h) ). erefore, during the rst heating, the second endothermic peak indicated by the arrow should be related to the melting of the UV ber with "embedding form" and the exothermic peak indicated by the arrow on the second heating means the debonding process between the "embedding form" UV ber and the TPU matrix. For the 329-composites, it is a little di erent from that of the 328-composites, as shown in Figure 3(b) . Only one endothermic peak centered at 106.3°C associated with melting of 329 phases is observed during the rst heating process and no endothermic peak is found on the second heating, meaning that the 329 phase is also in the crystalline state and no recrystallization happened on subsequent cooling. In addition, it is found that, unlike 328-composite, the melting peak on the rst heating process for the 329-composite with 329 content of <30% cannot be found.
e 329-composite exhibits a relatively wide melting peak with low latent heat as compared to the 328-composite. erefore, the absence of melting peaks should be caused by the low melting latent heat of the 329-composite with 329 content of <30%. e above results demonstrate that the 328/329 UV-absorbents in the as-prepared composites are mainly in the crystalline state at room temperature.
Figures 4(a) and 4(b) show the infrared spectra of the 328-composites and 329-composites, respectively. It can be seen that, for 328-composites, they are mainly re ected by the absorption peaks that belong to the UV-328, as shown in Figure 4 (a). With increasing the content of 328, there is no apparent change of the spectra. is should be caused by the fact that a large amount of 328 phases formed on the sample surface that covered the TPU matrix ( Figure 1 ) and resulted in the disappearance of the absorption peaks for the matrix. In contrast, for the 329-composites, they are mainly composed of the absorption peaks of 329 and TPU matrix, which 
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is also in agreement with the SEM results shown in Figure 2 , in which the 329 phases is well embedded in the TPU matrix. However, the intermolecular hydrogen bonding observed in the organic hybrid materials [8] [9] [10] was not detected in the present composites. e undetected intermolecular hydrogen bonding for both composites could result from two reasons: one is the crystalline UV absorbents that are not favorable for the formation of hydrogen bonding with TPU matrix, and the other is the less functional group in these UV absorbents. Figure 5(a) shows the temperature dependence curve of the damping factor tanδ for the 328-composites. It is seen that the composites exhibit a similar tanδ curve to that of the pure TPU; that is, the tanδ firstly increased with increasing temperature and then decreased and reached the maximum at the glass transition temperature (∼−20°C) of the matrix. It is clear that the tanδ maximum is gradually reduced with increasing the 328 content for the composites. However, it is also noted that the tanδ seems to be gradually increased to some extent with increasing 328 content when the temperature is higher than 30°C when the TPU matrix is in a full elastomeric state. erefore, it is suggested that the damping mechanism is different for these two temperature ranges.
e energy absorption for the present composites should come from two ways, the first is the intrinsic damping of the TPU matrix caused by molecular movements, and the other is the interfacial friction between the matrix and 328 phases [11] . During the glass transition process (−60 to 30°C), the former way plays a predominant role; therefore, the tanδ was gradually decreased with increasing 328 that diluted the TPU matrix. After glass transition, the energy harvesting coming from TPU has been minimum and the interfacial friction between the matrix and 328 phases has become predominant, thus resulting in the increase of tanδ when the matrix is in the elastomeric state. Figure 5 (b) shows the storage modulus (E′) curves with variation of temperature for the 328-composites. It can be seen that the E′exhibits a sudden drop during glass transition from the glassy state to the elastomeric state.
e E′ of composites has similar changing trend to that of the TPU. It is noted that the E′ has been increasingly enhanced with increasing 328 content, which should be caused by the reinforcing effect of 328 phases on the TPU matrix. e 328 phases are in the crystalline state and harder than the TPU matrix, therefore resulting in the reinforcement of the matrix.
Figures 6(a) and 6(b) show the tanδ curves and E′ curves with variation of temperature for the 329-composites, respectively. It can be seen that they are similar to the results obtained in Figure 5 for the 328-composites.
e tanδ maximum of the composites is gradually reduced with increasing 329 content during glass transition range, whereas the tanδ is enhanced when the matrix is at a full elastomeric state (>20°C). It is noted that, for the 329-composites with 60% 329, the tanδ at temperature of >20°C is even higher than that at the glass transition temperature range. For the E′, similar to the 328-composites, the E′ of the 329-composites is gradually enhanced due to the reinforcing effect of the crystalline 329 phases on the TPU matrix. Based on the above results, it is concluded that the addition of 328 and 329 phases reduced the damping capacity at the glass transition range of the composites due to the dilution of TPU matrix but increased the damping property when the TPU matrix is at elastomeric state because of the interfacial frictions between the matrix and UV-absorbents. Meanwhile, the addition of UV-absorbents enhanced the TPU matrix and increased the elastic modulus of the composites.
Conclusions
e microstructure and damping property of polyurethane composites with different contents of UV-absorbents (UV-328 and UV-329) are investigated in this article. It is found that the UV-328 absorbents formed fiber-shaped phases in the TPU matrix and exhibited a very weak compatibility with the matrix, whereas the UV-329 absorbents are embedded in the matrix and form a relatively better compatibility with the matrix. Both 328 and 329 UV-absorbents are in the crystalline state in the composites at room temperature. e tanδ for the composites at glass transition range is gradually reduced with increasing content of UV-absorbents due to the dilution of matrix by the UV-absorbents. But the tanδ for the composites is increasingly enhanced with increasing UV-absorbents when the matrix is at a full elastomeric state, which is attributed to the interfacial frictions between the UV-absorbents and the matrix. e storage modulus of the composites is gradually enhanced with increasing content of UV-absorbents due to the reinforcing effect of the crystalline UV-absorbents on the TPU matrix.
